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SOLAR IRRADIANCE MEASUREMENTS FOR THE CALIBRATION
OF THE MULTI-SPECTRAL SCANNER

by M. P. Thekaekara

This report presents the results of a series of measurements
made to determine the spectral irradiance of the Sun at two
test sites in Santa Barbara, Cal., and on Table Mountain,
Cal. These measurements were undertaken at the request of
the Project Office of the Multi-Spectral Scanner experiment
of the Earth Resources Technology Satellite. The purpose

of these studies is to perform a pre-launch calibration of
the MSS and in particular to ensure that the adjustments and
settings in the different channels of the MSS, while ensuring
optimum sensitivity and signals well above the noise level,
do not, however, cause saturation and hence unreliability

in the signals when the MSS is directed towards the Sun.

The MSS is directed towards the Sun for a brief interval of
time once during each orbit. The pulse heights during the
solar scan are the primary source of calibration for the MSS.
The four broadband wavelength isolation filters of the MSS
span the range 0.5 to 1.1 um. The solar irradiance and its
spectral distribution in this range will be based on the
Convair 990 data obtained by the Goddard experimenters
(References 1, 2 and 3). Earlier calibrations of the MsS

had been made using a large integrating sphere as the field
of view. Such calibration while fully adequate for the scans
of the terrestrial surface to be made by the MSS can be highly
misleading for the solar scan. The Sun has a high and non-
uniform radiance over a disc which subtends an angle of about
half a degree at the instrument. Hence it was judged necessary
to make a calibration of the MSS using the Sun as source and
at the same time to scan the solar spectrum with the instru-
mentation which had been used in the Convair 990 project.

The plan as originally proposed was to make the measurements
at Santa Barbara Research Center using the MSS and the Leiss
quartz double prism monochromator. Since preliminary studies
with the Leiss at GSFC showed certain problems arising out of
its not having been used for a long time, it was later found
necessary to use also the Perkin-Elmer LiF prism monochromator.




Measurements were first made with the Leiss at the SBRC on

a patio between two buildings. This location proved to

be unsatisfactory since most of the time the sky was cloudy.
The sunshine was hazy and showed a high aureole effect. The
MSS was used one afternoon, February 24, to scan different
specimens of global terrain. At the same time the ILeiss was
directed towards the Sun. The MSS was not directed towards
the Sun on February 24. Weather forecasts did not give hopes
of satisfactory observing conditions for the subsequent days.
Hence the test site was changed to Table Mountain, Cal.,
altitude 7200 ft. Measurements were made on February 26 and
27 using the MSS to track the Sun in many different channels
(combinations of mirror facet, filter and detector) and the
Perkin—Elmer‘and Leiss to determine the solar spectral irra-
diance. An Angstrom pyrhelsiometer mounted on a heliostat
was also used to measure the total irradiance of the Sun.

The three instruments, P. E., Leiss and Angster have been
described in literature (Ref. 3). The output of the Angstrom
when multiplied by its known calibration factor gives the
total irradiance due to the Sun (including also a small
portion of circumsolar sky of half-cone angle about 3°). The
results are expressed on the International Pyrheliometric
scale IPS 56. The standard of calibration for the Leiss and
PE is the NBS type quartz iodine lamp. Three calibrated
lamps were available. The output of these instruments was
available as pen recorded Leeds and Northrup strip charts.
Tape records suitable for computerized data analysis were

not made. The solar spectrum was scanned almost continuously
during the time the MSS was directed towards the Sun to scan
the solar disc. Most of the solar spectral scans were in the
wavelength range 0.4 to 1.2 um. One scan with each instrument
was made over the whole range, 0.3 to 2.6 um. Studies were
made also to determine the correction factors for sky radia-
tion. All data were reduced by hand. ‘

The results are presented in a series of charts and tables.
They are sufficiently detailed to permit an accurate evaluation
of the calibration constant for each combination of filter,
detector and mirror facet. Since all these three are wave-
length dependent and the spectrum of the Sun on Table Mountain




is different from that outside the atmosphere, the spectral
data at close wavelength intervals and especially in the

H,0 absorption bands are essential for transfer of calibration
from ground to space. The problem of calibration is discussed
in a memorandum generated at SBRC (Cline, Upton and Yuh, memo
to Wengler, 8 June, 1970). In the present calibration the
integrating sphere and the quartz iodine lamp proposed in the
memo are being replaced by the Sun itself. February 26 and

27 were days of bright sunshine on Table Mountain. The
irradiance in the range 0.5 to 1.1 um was 614 Wem™2 compared
to 701 W.m~2 in the same range outside the atmosphere. There
are several H;0 absorption bands in this range, but being

dry wintry days, the amount 'of precipitable water in the path
of the Sun was about 2mm, very low compared to 19mm which is
the average at sea level fom mid latitudes.

Table I gives the total irradiance of the sun on 24, 26 and

27 February during the periods when the MSS was in operation.
These values were obtained by Charles H. Duncan of GSFC us ing
an Angstrom pyrheliometer. The values are in units of mW-cm™2.
Figure 1 gives the same results in graphical form. The units
are given also in Wem~2 in agreement with the rest of the
tables and graphs.

Table II presents the spectral irradiance data on Table
Mountain for February 26 and 27. It is based on the spectral
scans made by the P.E. and Leiss, taking into account also the
total irradiance as given by the Angstram and the effect of
the narrow H,0 bands between 0.5 and 0.9 um. The irradiance
is that of the whole of the solar disc, excluding the circum-
solar sky. The first column gives the wavelengths in um.

They are 0.01 um apart except at the absorption bands where
closer intervals adequate for showing the width and depth of
the bands have been chosen. The second column Eg gives solar
spectral irradiance outside the atmosphere (zero air mass)

at 1 A.U. (average Sun-Earth distance). The actual Sun-Earth
distance for the three days of measurement was very close to
the average: 24th : 0.989 505 A.U.; 26th : 0.989 955 A U.;
and 27th : 0.990 186 A.U. The values of E, are from Reference 1.
The next three columns give the spectral irradiance per unit
area exposed normally to the Sun's rays for three values of




air mass (secant of solar zenith angle). The three final
columns give the atmospheric absorbance at Table Mountain
for the three air mass values. It is the ratio of the
irradiance at a given air mass to that for air mass O.

Figures 2 through 5 present graphically the data of 2, 3,
4 and 5 of Table II.

Table III gives the integrated values of solar irradiance
in wide spectral bands of interest to the MSS.

Table IV gives the air mass solar zenith angle as a function
of time on Table Mountain and at SBRC. It should be noted
that the air mass as defined here refers to the altitude of
the location and not to sea level, so that air mass is equal
to the secant of the solar zenith angle. It is computed from
known values of latitude, longitude, ephemeris transit and
solar declination. Corrections for air mass due to atmo-
spheric refraction were not significant for these low values
of zenith angle.

Figure 6 presents graphically the zenith angle and air mass
values for Table Mountain.

Table 5 gives a complete listing of solar spectral irradiance
for air mass zero and one A.U.

Figure 7 presents the data graphically for the range 0.1 to

2.6 um. The figure also gives the solar irradiance at sea level
for Sun and sky for unit air mass and for a very clear atmosphere.
The area under this spectral curve is 1111 W-m™“ which represents
nearly the maximum observed for mid latitudes. This curve is
based on measurements made at two locations by G. Daniels over

a ten year period (Reference 4).

Solar spectral irradiance on Table Mountain over the whole wave-
length range 0.3 to 3 Hm is given in Table VI. These results

are listed for air mass 1l.5. The measurements were made on
February 27. The integrated irradiance from 0 to A is also given.
The irradiance below 0.3 um is insignificant because of ozone
absorption. The total irradiance due to the solar disc is
1027OW-m"2, which is slightly lower than the value measured by
the Angstrom which views also a small portion of the circumsolar
sky. The spectral curve is shown graphically in Figure 8.




Solar and sky spectral irradiance data for the afternoon
of February 24 at'the SBRC experimental site are given in
Table VII and Figures 9 and 10.

The solar data are for air mass 1.5, time 1320 hrs., and give
the energy received per unit area exposed normally to the
Sun's rays (cos z = 0.6667; z = 48.2°). The MSS was directed
toward different samples of vegetation and types of ground
terrain. The irradiance on these surfaces was due to the

Sun and the sky. Energy received per unit horizontal area

due to the Sun is found by multiplying the values of Eksun

by 0.6667, E. for other valpes of solar zenith angle are
found from the equation

L ]

= M =
EKM Eko aM where a

E

Exm is the irradiance for air mass M; E)o for air mass zero;
a is the attenuation due to the atmosphere for Sun at zenith.

The sky irradiance data are given in Table VII under the
column E)gky. This includes the components due to Rayleigh,
ozone and aerosol scattering from the whole sky.

Note that the scale for the y—axis in Figure 10 is four times
that in Figure 9.

Total irradiance per unit horizontal area at 1320 hrs. is
(848 x 2/3 + 116 = ) 681 Wem™2. Sky irradiance remained
practically the same during the test period.

The author wishes to acknowledge the cooperation of C. H. Duncan
who coordinated the project and made the total irradiance
measurements, A. R. Winker for the operation of the Perkin-
Elmer and data reduction, S. G. Park for the operation of the
Leiss, T. A. Riley, J. A. Henegar and G. F. Stitt for data
reduction.
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. TOTAL IRRADIANCE MEASUREMENTS FOR ERTS MSS

Date: 24 February 1972
Place: Santa Barbara Research Center, CA ;
Weather: High clouds, hazy sunshine, much aureo@g

Time Total Irradiance

1240 86.2 mw cm™2
1250 88.5
1300 89.5
1310 89.9
1320 89.0
1325 89.1
1330 89.4
1340 88.3
1345 88.9
1350 88.5
1355 89.0
1400 88.6
1405 88.5
1410 87.8
1415 87.5
1425 87.1

Date: 26 February 1972
Place: Table Mountain, CA
Weather: Windy, thin high clouds

Time Total Irradiance

1135 105.0 mw cm~2
1140 105. 4

1145 106.1

1150 106.2

1155 106.1

1200 105.9

1205 106.5

1210 106. 3

1215 106.4

1220 107.0

1225 105.8 1low
1230 105.4 clouds
1235 101.4

1310 103.4
1320 105.4
1325 105.7
1330 . 104.6
1335 104.8
1340 104.2
1345 104.7
1350 104.0
1355 104.5
1400 103.2
1405 103.6




Date: 27 February 1972
Place: Table Mountain, CA
Weather: slight wind, thin cirrus clouds

Time Total Irradiance

1015 105.4 mw cm_
1020 105.5
1025 105.5
1030 105.5
1035 1055 5
1040 105.5
1045 105. 5
1050 105.6
1055 105.7
1100 105.6
1105 105.0
1110 105.4
1115 105.3
1120 105.4
1125 105,55
1130 105686
1135 105.8
1140 . 106.1
1145 106.1
1150 106.0
1155 105.8
1200 106.3
1215 105.6
1220 106.8
1225 105.9
1230 105.6
1235 105.5
1240 105.6
1245 105.0
1250 105.6
1255 105.4
1300 104.3
1315 104.3
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TABLE 5
SOLAR SPECTRAL IRRADIANCE ~ PROPOSED STANDARD CURVE

wWavelength in micrometers
Ey Solar spectral irradiance averaged over small bandwidth centered at A\, in W'muz- um-l

Integrated solar irradiance in the wavelength range o to A, in W-m_2

Eo—\

Do—x - Percentage of solar constant associated with wavelengths shorter than X.

Solar conatant - 1353 w2

Note: lines indicate change in wavelength interval of integration.

E D E D g E D

o=\ o=\ o=\ o=\ o=h o=\

+0059992] 200046 352,591 |26.059 1221.23 90,261
«007299 «00053 361.826 | 26,742 1230.78 90.967
«00780 200057 370,976 | 27,418 1239.25 91,593
+00930 «00068 379.979 | 28,086 1246,78 92,149
«01360 «00100 388.021 |28.737 1253.48 92.644
«02300 +00169 397.519 |29,380 116 1259.48 93.088
«04280 .00316 406.131 | 30,017 1264,90 93,489
+10983 .00811 414,669 |30.648 90 1274.55 94,202
+27785 «02053 423.169 |31.276 79 1263.00 94.826
«6798% 05024 431.711 | 31.907 69 1290.40 95.373

«98585 0728 B40.289 | 32,561 62.0 1296.95 95,8580
1.31485 20971 448,874 | 33,176 5540 1302.80 96.2903
1.62985 «12004 457.6441 | 33.809 48.0 1307.95 96.6710
1.93560 1430 465,971 | 34.439 43.0 1312.50 97.0073
2.,27385 +1680 474,426 | 35,064 39.0 1316.60 97.3103
2.63060 1944 482,796 | 35,683 35.0 1320.30 97.5838
3.06660 . 2266 491.079 | 36,295 31.0 1323.60 97.8277
3.65160 «2698 a9.786 [ 36,902 | 26.0 1326.4% 98,0383
hat3910 . 3280 645,469 | 38,098 22.6 1920.00 98,2179
5.48160 4051 531,329 {39.270 19.2 t3an,92 DN, 2124

waNNNNN
« e 0 o 0 0
aove~NOwWV

A
.
-0

-
o -

16.6 £1332.7% TR, 50467
14.6 1334.32 98,6200
13.5 1335.73 98,7238
12.3 1337.02 98.8192
11.1 1338.19 98.9056
10.3 1339.26 98.9847
9.5 1340.25 99,0579
8.7 - 1341.1€ 99.1252
T.8 1341.98 99.1861
7.1 1362.73 99.2612

6.5716 4857 546,899 40. 421

7.6366 +56h4G 562.17h 41.550

8,9791 +6636 577159 | 42.657
10.9716 «8109 591.869 43,740
13.6366 1.0078 606.20804 44,810
16.36816 1.2107 620,429 | 45,855
19.1741 1.0171 634,284 | 46.879
22.4061 1.6558 64T.8L9 L7.882
26.0366 1.9263 661.139 48,8606
30,0216 2.2188 674,159 49.826

FE TP UANDW W

e 8 o 5 5 50 8 0 8

WN»OoOSINONM S

6.50 1343.4161 |99.291507
5.90 1304,0361 |99.337331
5.30 13u4.5941 |99.378721
.80 1345.,0991 |99.416045
%.50 1305.5661 | 99.650613
Wl 1345,9941 |99.482195
3.83 1346.3906  [99.51150
1.73 1349.1606 |99.717708
.99 1350.5506 |99.618965
.60 1351.3456 |99.877723

365361 2.552 686.909 | 50.769
39,6191 2.928 699.384 |51.691
44,9691 3.323 7T11.614 52,595
5043566 3.721 723.594 |53.u80
55,7161 ho117 735.314 | 54,346
61.1191 4,517 76779 55,19
66,5591 4,919 757.994 | 56,023
71.9366 5,316 768.966 |56.834
77.4366 5,723 779.69% |57.627
83.2191 6.150 790.174 | 58,401

200 oo oINS

380 1351.0356 99.913939

89.0641 6.582 800.619 |59,.158
«250 1352.1506 | 99.937221

94,7566 7.003 810.434 |59,899
100.3016 T.643 820.22% |60.622 <170 1352.3606 | 99.952742
105.7916 7.819 829,799 |61.330 «120 1352.5056 | 99.963459
111.5091 B.2061 839.164 | 62,022 087 1352.6091 99,971108
118,0541 8.725 848,336 |62.700 .055 1352.6801 | 99.976356
125.7366 9,293 857.329 |63.365 2069 1352.7321 99.980199
136,2201 9,920 866,184 | 64,019 «038 1352,7756 | 99.983k1H
143.0366 10.571 874,929 | 64.665 031 1352.8101 99, 985964
151.8391 11.222 883.564 |65.304 «024 1352.8376 | 99.987997

-
-] a~NOMES SRS

-

160.4391 11.858 $92.08 65.934 .02000 |1352.8596 |99.989623
168.7691 12.473 900.50 66.556 .01600 |1352.8776 | 99.990953 |
177.0261 13.0A3 918,79 67.168 4 L00610 |1352.,9328 99,995037

185.7066 13.725 916.90 67.768 : .00300 |1352.95%6 |99.996718

195,0366 16,415 924,84 68.355 00160 |1352.9671 |99.997568
204.,8566 15,140 932.60 68.928 400094 [1352.9734 99,9980317

215.0161 15.891 940,18 69,488 ~O003a [1352.9000 |99.998525
225.3216 16.653 375.58 72.105 L00019 [1352.9829 199,998736
235.6066 17.413 1007.10 74,435 .00007 |1352.9855 [99,998928
245,8091 18,167 1035.30 76.519 .00003 |1352.9865 |99.999002

256,001 18.921 1060.30 78,404 «00000 [1353.0000 00.000000
266,296 19.681 1083.88 |80.109
276,421 20,430 1106.75 |81.652
286.236 21.155% 1123.63 |a3.047
296,011 21.878 1161.00 |86,331
305.766 22.599 1157.23 |85.530
315.421 23.312 1172.23 | 86.639
324.926 24,015 1186.10 |87.665
334,214 24,701 . |1198.90 |8B.611
343,379 25,379 1210.60 |89.475




Solar Irradiation Outside Atmosphere
(Thekaekara) (Area = 135.3 mW cm=2)

Solar Radiation at Sea Level for very Clear Atmosphere
( Daniels ) ( Area = 111.1 mW cm~2) :

(W cm™ 2 pm—‘1)

Curve for Blackbody at T=5762 K
(Area = 135.3 mW cm-2)
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